To prepare timely motor actions we constantly predict future events. Regularly repeating 18 events are often perceived as a rhythm to which we can readily synchronize our movements, 19 just as in dancing to music. However, the neuronal mechanisms underlying the capacity to 20 encode and maintain rhythms are not understood. We trained nonhuman primates to maintain 21 the rhythm of a visual metronome of different tempos and then we recorded neural activity in 22 the supplementary motor area (SMA). SMA exhibited rhythmic bursts of gamma band (30-40 23 Hz) reflecting an internal tempo that matched the extinguished visual metronome. Moreover, 24 gamma amplitude increased throughout the trial and provided an estimate of total elapsed 25 time. Notably, the timing and amplitude of gamma bursts reflected systematic timing biases 26 and errors in the behavioral responses. Our results indicate that premotor areas use dynamic 27 motor plans to encode a metronome for rhythms and a stopwatch for total elapsed time.
Introduction 29
Adaptive behavior benefits from the ability to discern temporal regularities in the environment. 30 To exploit these regularities, the brain must be able to measure time intervals between Gamma oscillations reveal the internally maintained rhythms 141 While the monkeys performed the visual metronome task, we recorded neural activity in 131 142 experimental sessions (84 and 47 for monkeys 1 and 2, respectively; Figure 1E ), and analyzed 143 the local field potentials (LFPs) within 5-80 Hz band. As a first step we calculated the mean 144 spectrogram for both monkeys, across all recording sessions ( Figure 1D ; 500 ms interval 145 shown; combined data across monkeys). Modulations of LFP amplitude were especially salient 146 in the 30-40 Hz frequencies, which we will refer to as gamma band. In this band, LFP power 147 was up to two-fold larger than the baseline activity recorded 500 ms before trial initiation 148 (p<0.001; permutation test of the time-frequency bins, 1000 permutations). The LFP amplitude in the gamma band had a rhythmic structure. It increased markedly with 151 the presentation of the last visible stimulus (3 rd entrainment interval, Figure 1D ), as well as 152 9 near the time when the non-visible stimulus would be switching its position from one side of the 153 screen to the other during maintenance intervals ( Figure 1D ; broken red lines). To test this 154 observation quantitatively, we verified that the average gamma amplitude at the time of 155 switches was significantly higher than halfway between them (t-test, p<0.01 for the three 156 tempos; window sizes 1/4 th of interval length). In addition to the rhythmic modulation, gamma 157 oscillations increased in amplitude as a function of total elapsed time ( Figures 1D and 3C ; note 158 that the last maintenance interval displays the largest amplitude). 
186
This trend is readily visualized by color-coding the amplitude of gamma oscillations and 187 plotting all recorded trials on a single panel ( Figure 2C ). It is readily apparent that gamma 188 bursts during maintenance tend to appear around the times at which the stimulus should be 
209
It is important to emphasize that there are no motor actions during the maintenance intervals, 210 and no periodic stimuli is shown on the screen. The only difference between the three groups 211 of trials (500, 750, 1000 ms) is the tempo of the internal rhythm that subjects are maintaining.
212
In other words, the rapid succession of the gamma bursts in the 500 ms intervals, and the 213 13 more temporally distant bursts in the 1000 ms intervals, are a reflection of the subject's internal 214 maintenance of a visuo-spatial rhythm for the fast and slow tempos, respectively. This finding 215 reveals a neural signature of rhythms, of different tempos, that are maintained internally.
217
Alignment of the gamma bursts to their onset time revealed that bursts have a similar temporal 218 profile across tempos and elapsed intervals ( Figure 3B ). Importantly, we found that the 219 amplitude of these bursts increased in proportion to the time elapsed since the initiation of the 220 internal rhythm ( Figure 3C , R 2 =0.86). The results presented so far indicate that (1) the LFPs in 221 SMA encode internal rhythms by means of gamma bursts that occur in sync with the beats 222 (i.e., location switch) of a visual metronome presented earlier; and that (2) these bursts 223 increase in amplitude, providing a correlated for total elapsed time.
225
Errors due to deviations of the internal rhythm from the objective tempo 226 In a previous study we demonstrated that human subjects tend to lag behind fast tempos and 227 get ahead of slow ones (García-Garibay et al. 2016). This predicts that animals might 228 systematically overestimate the 500 ms rhythms, and underestimate the 1000 ms rhythms.
229
However, since animals only had two response options (left or right), it was not possible to use 230 behavioral responses to disambiguate errors in which the animals were ahead or behind the 231 true tempo. Nonetheless, we hypothesized that systematic over and underestimations of the 232 intervals should be reflected in the patters of gamma activity in SMA. We therefore compared 233 the profile of gamma activity as a function of time, on correct and incorrect trials ( Figure 4A ). The results showed that, on the fast tempo trials (500 ms interval), the dynamics of gamma on 247 error trials was right-shifted with respect to correct trials. That is, error trials displayed slower 248 dynamics compared to correct trials ( Figure 4A , upper panel). This trend was also captured by 249 the power spectrums of error and correct trials, which showed that error trials indeed oscillated That the subject's internal rhythm increasingly fell out of synchrony with the true tempo during 259 error trials was also demonstrated by the ability of a logistic classifier (see Methods) to 260 differentiate between correct and error trials, as a function of elapsed time ( Figure 4B ). This 261 analysis shows that error trials are increasingly easier to decode as a function of elapsed time, 262 just as it is expected from a rhythm that increasingly falls out of sync with the correct tempo.
263
This pattern holds true for a classifier that cumulatively uses gamma amplitude information as 264 the trial develops, and also for a classifier using the information from a sliding window as of 265 constant length across the trial ( Figure 4B ). Gamma band activity in a delayed-reach task 268 Since SMA participates in the preparation of impending motor actions, it is possible that the 269 rhythmic gamma bursts that we observed arise because this premotor area rhythmically 
288
The results of this control task show that, as monkeys prepare an impending reach movement, 289 the LFPs in SMA generate bursts of gamma band activity that occur more frequently, and with 290 increasing amplitude, as a function of total elapsed time ( Figure 5C, delay period) . These 291 findings are consistent with the idea that gamma bursts in SMA encode impending motor 292 commands. Moreover, the results of this control task are consistent with the idea that the SMA 293 circuits reflect internal rhythms by means of rhythmically alternating motor plans to make a 294 reach movement to the left and right locations of the screen. According to the previous delayed-reach experiment, gamma bursts might be reflecting an 298 internal rhythm by periodically alternating "reach-left" and "reach-right" motor plans. However, 299 our task is designed such that a motor response was never required during the three 300 entrainment intervals. For this reason, we next analyzed the gamma band activity during the 301 entrainment intervals in which the presentation of the alternating visuo-spatial stimuli defined 302 the different tempos of the visual metronome task (500, 750, and 1000 ms intervals; Figure 6A The results showed that even during entrainment intervals, which did not involve any motor 306 planning, bursts of gamma oscillations were present in each interval, and their amplitude 307 progressively increased after the presentation of each visual stimulus ( Figure 6A-C) . It is 308 important to note that gamma activity in entrainment intervals peaked after each stimulus 309 presentation. This is in contrast to what was observed during maintenance intervals, in which 310 the peaks of gamma occurred when the stimulus switched sides. We speculate that this phase 311 offset could be related to the process of estimating interval duration, a process that necessarily 312 happens during entrainment intervals.
314
A potential concern is that the gamma bursts in entrainment intervals are merely sensory 315 responses to visual stimuli. However, a pure sensory response should produce similar gamma 316 dynamics after each stimulus presentation, both across consecutive entrainment intervals (1 st , 317 2 nd , 3 rd ), and also similar across tempos (500, 750, 1000 ms), which was clearly not the case in 318 our results ( Figure 6A ). In particular, two observations suggest that gamma bursts during 319 entrainment cannot be explained solely in terms of a sensory response. First, gamma bursts 320 increased in amplitude as a function of elapsed time, but the amplitude dropped sharply 500 321 ms after the onset of the third entrainment interval ( Figure 6A , 750 and 1000 ms panels).
322
Therefore, gamma bursts carry information about the animals' knowledge that the third 323 entrainment interval was the last visible interval, i.e. the last interval that could be used for 324 estimating the tempo. Thus, gamma dynamics likely incorporate aspects of higher cognitive 325 processing. Second, the times of burst onset do not have a fixed temporal profile with respect 326 to stimulus presentation ( Figure 6B ). To demonstrate this, we measured the distribution of 327 burst onset time across each consecutive interval (1 st , 2 nd , and 3 rd entrainment intervals) and 328 19 across metronome tempos (500, 750, and 1000 ms), and then performed Chi-squared tests 329 between these distributions (by using burst onset time we removed the effect of burst Neuronal spikes are associated with gamma band activity 356 Simultaneously with LFPs, we recorded the extracellular spike potentials of 113 neurons in the 357 SMA (78 monkey 1; 35 monkey 2). The analysis of single unit activity will be the subject of a 358 future report, but here we show five example units to illustrate the diversity of firing rate 359 patterns in SMA during the visual metronome task (Figure 7) . To explore the relationship between single-neuron spiking and the simultaneously recorded 372 LFP, we calculated the spike-triggered average (STA) LFP, and its spectral density, within a 373 window of -100 to 100 ms surrounding each spike ( Figure 8A-B Bonferroni tests of Gamma power in maintenance and entrainment vs baseline: p<.05).
378
Moreover, the association between spikes and the 25-40 Hz frequency band is stronger at the 379 times of stimulus transitions, i.e. around the times at which the stimulus switches from one side 380 of the screen to the other ( Figure 8C ; window length around switch: half an interval, t test 381 p<.005). To demonstrate that gamma is closely associated with the timing of spikes we 382 performed a control analysis in which we jittered the spike times by ±15 ms with the resulting 383 loss of the observed peak at the gamma band (random uniform distribution; grey traces Figure   384 8c; t test between jittered data in switch and non-switch conditions p=0.21).
386
These analyses demonstrate that the performance of the metronome task is accompanied by a 387 tighter temporal relationship between the gamma bursts and the firing of single neurons, and 388 this association is more prominent at the times of stimulus switching during the maintenance 389 intervals. These results are consistent with previous investigations proposing that LFP Finally, we demonstrate that the LFP signals we recorded reflect local interaction and were not 410 the result of signals being volume-conducted from other brain regions. We measured the 411 coherence between LFPs of simultaneously recorded electrodes and plotted this measure as a 412 function of the distance between them. The results show that coherence decayed as a function 413 of electrode distance ( Figure 8D , R 2 =0.72), as expected by an LFP signal that is generated in 414 the neuronal circuits within the vicinity of the recording electrode. The results of the delayed-reach task suggest that the bursts of gamma activity signal the Second, bursts of gamma activity are also observed during the entrainment phase of the 433 metronome task, a phase in which no motor actions are required. Instead, we favor the 434 hypothesis that LFP signals in the premotor cortex are neither sensory nor motor, but encode a 435 latent variable associated with a mental rhythm. 
